ABSTRACT
Osmotin is a basic 24-kDa pathogenesis-related (PR) protein that accumulates in NaCl and desiccation-adapted tobacco cells (1, 2) . The gene that encodes osmotin has been cloned and the regulation of its expression has been studied extensively (3) (4) (5) (6) . The expression pattern of this gene indicates that its transcription can be activated by several factors, including NaCl, desiccation, ethylene, wounding, abscisic acid, tobacco mosaic virus, fungi, and UV light (5) (6) (7) (8) . However, in nonhypersensitive-responding genotypes the protein mainly accumulates in response to osmotic stress (5) .
Using in vitro assays, it has been demonstrated that osmotin has antifungal activity against a variety of fungi, including Phytophthora infestans, Candida albicans, Neurospora crassa, and Trichoderma reesei (7, 9) . Recent reports also indicate that not only tobacco osmotin but also osmotin-like proteins from several plant species have similar inhibitory effects on fungal pathogens and may function as plant defense proteins (10) (11) (12) . We have reported that the cell, tissue, and organ-specific pattern of expression of the osmotin gene is consistent with a function in the defense against pathogen attack (6) . To test the plant defense hypothesis further, we produced transgenic tobacco and potato plants that overexpress the tobacco osmotin gene in a constitutive manner and found that the resistance to fungal infection is not altered in the tobacco plants but is enhanced in the potato plants.
MATERIALS AND METHODS
In Vitro Antifungal Assays. Cultures of P. parasitica var. nicotianae and P. infestans were maintained on V8 agar or Rye A agar and subcultured to the same fresh medium, before use in assays. After growing for 2 days, filter paper discs containing purified osmotin protein (2) , water, or bovine serum albumin were added to the fungal culture plates and incubated at room temperature for another 3 days.
Construction of the Chimeric Osmotin Gene and Transformation of Tobacco and Potato Plants. A DNA fragment (-8/+1033 ) that contains the intact osmotin gene open reading frame and both 5' and 3' untranslated regions was produced from genomic clone pOG (4) by polymerase chain reaction. A HindIII site sequence was added at the 5' end.
Then this fragment was subcloned into the HindIII site of the vector pGEM-7Zf(-). The resultant plasmid was digested with Xho I/Sac I, and the excised fragment was inserted into the polylinker site between the cauliflower mosaic virus (CaMV) 35S promoter and the rbcS 3' poly(A) signal sequence on the binary vector pKYLX71, a modified version of pKYLX7 (13) . This chimeric osmotin gene construct, designated pKOL12 ( Fig. 2A) , was mobilized from Escherichia coli into Agrobacterium tumefaciens strain LBA4404 by triparental mating and used to produce transgenic tobacco (Nicotiana tabacum L. var. Wisconsin-38) and potato (Solanum tuberosum L., line FL1607) plants as described by Horsch et al. (14) and Wenzler et al. (15) .
Hybridization Analysis. Genomic DNAs were extracted from plant leaves according to Dellaporta's method (16) and digested with EcoRI. Southern analyses were performed using a HindIII/EcoRI fragment that contains the CaMV 35S promoter sequence from pKYLX71 as a probe. Osmotin mRNA and protein in transgenic plants were detected by Northern hybridizations and SDS/PAGE immunoblots as described by LaRosa et al. (5) .
Fungal Infection Assays on Tobacco Plants. The fungal pathogen used for tobacco resistance assays was P. parasitica var. nicotianae (race 0), which is the cause ofblack shank disease. Fungus was maintained on V8 agar for hyphal growth and transferred to oatmeal agar for 2 weeks to induce sporulation, after which the fungal cultures were soaked in sterilized water for 1 (7).
Induction of Osmotin and Osmotin-Like Proteins in Tobacco and Potato Plants. Tobacco leaves from 5-week-old plants were inoculated with fungal mycelia of P. parasitica var. nicotianae. Agar plugs from uninoculated plates were used as controls. Five days after inoculation, protein was extracted from leaf tissues surrounding the area that showed disease symptoms. SDS/PAGE immunoblots using chicken antiosmotin antibodies indicated that osmotin accumulation is induced by fungal infection but does not reach the maximum level until day 4 after inoculation ( Fig. 2B) .
Similarly, in potato, leaves taken from 45-day-old plants were inoculated with spore suspensions of P. infestans.
Water was used as a control for inoculation. The induction pattern ofosmotin was similar to that seen in infected tobacco leaves (Fig. 2C) .
Transformation (Fig. 4A) . We also did not observe any significant differences in infected leaf area between control and transgenic plants that were inoculated with spore suspensions from P. parasitica (Fig. 4B) assays for resistance by inoculation with sporangia suspensions of P. infestans, isolate 175 A, which we had demonstrated to be sensitive to purified osmotin protein with in vitro growth assays (Fig. 1B) . At day 4 after inoculation, obvious disease symptoms ofblack necrotic lesions were observed on leaflets in nontransformed plants, whereas there were only a few tiny necrotic spots that appeared on transgenic plants (line PLil) at this time (Fig. 1C) . At days 4, 5, and 6, there was a statistically significant difference (P < 0.05) in the amount of infected leaflet area between transgenic (lines PL9, PL1l, and PL23) and control plants (Fig. 5A) . At days 4, 5, and 6, respectively, after inoculation, the infected leaflet areas (cm2; x ± SE) were as follows for control plants: 2.12 0 . At these times obvious visual differences in the degree ofdisease development between transgenic and nontransformed leaflets could be seen (Fig. 1C) . In fact, the visual differences were more striking than the differences in the amount of infected leaf area because, even though infected areas of transformed plants appeared less severely damaged, we still included them as part of the infected leaf area. We also tested different concentrations of inoculum and attempted to find an inoculation condition that caused the disease only in nontransformed plants and not in transgenic plants. We could not produce these conditions. However, we did observe a consistent difference in the extent of damage after 6 days at all inoculum levels that resulted in infection (Fig. SB) . The values in Fig. 5 are means ± standard errors of all experiments. Three replicates of each independent transformant and each independent control were used in separate experiments that were repeated four times and the results were indistinguishable between these separate experiments.
DISCUSSION
When attacked by pathogens, plants display numerous metabolic changes, such as production of ethylene, induction of enzymes involved in propanoid synthesis, and synthesis of some antibiotic phytoalexins. One important and wellstudied response ofplants to pathogens is the induction of PR proteins. Initially, the PR proteins were defined as proteins that are induced by tobacco mosaic virus infection in tobacco plants. Moreover However, we found that constitutive accumulation of osmotin in transgenic plants led to (12) that the N-terminal sequence of zeamatin, an antifungal protein from corn, was very similar to osmotin. Also, Woloshuk et al. (7) , using a spore germination bioassay with P. inrfestans, identified from tobacco and tomato an antifungal protein that by amino acid sequence comparison was found to be osmotin. Recently, more osmotin-like proteins or cDNAs that encode these proteins have been identified in many plant species, such as tomato (7, 24, 25) , potato (26) , Atriplex (27) , Arabidopsis (28), rice (29) , etc. Some of them have been demonstrated in in vitro assays to be antifungal proteins. Our results, using 35S-osmotin transgenic potato plants, are consistent with the inhibitory effects of purified osmotin protein on P. infestans mycelia growth found by us (Fig. 1B) and inhibition of sporangia germination found by others (7) . This report provides direct evidence that the osmotin gene can play a defensive role during fungal infection. However, the fact that the overexpression of osmotin can only delay the development of disease symptoms indicates that even greater overexpression or a redirected targeting of overexpressed osmotin from the vacuole to the extracellular matrix may be needed to further enhance resistance. Furthermore, as more antifungal gene products are identified, transgenic experiments using combinations of these genes will be of great interest.
The mechanism of the inhibitory effect of osmotin on fungal growth is not completely understood. The experiments of Woloshuk et al. (7) indicate that osmotin can cause sporangia lysis of P. infestans. A high concentration of osmotin also can cause the lysis of hyphae tips (7, 12) . Moreover, many hyphae ruptured following zeamatin treatment, apparently releasing cytoplasm, and Vigers et al. (12) have proposed that osmotin belongs to a large class of proteins that induce fungal cell permeability and are termed permatins. Based on these data, and on sequence identity to thaumatin, which has antifungal activity (12) and whose three-dimensional structure has been determined (30), osmotin may contain structural domains that are involved in membrane receptor binding and membrane pore formation.
